To rescue stalled ribosomes, eubacteria employ a molecule, transfer messenger RNA (tmRNA), which functions both as a tRNA and as an mRNA. With the help of small protein B (SmpB), tmRNA restarts protein synthesis and adds by the trans-translation mechanism a peptide tag to the stalled protein to target it for destruction by cellular proteases. Here, the cellular location and expression of endogenous SmpB were monitored in vivo. We report that SmpB is associated with 70S ribosomes and not in the soluble fraction, independently of the presence of tmRNA. In vitro, SmpB that is pre-bound to a stalled ribosome can trigger initiation of trans-translation. Our results demonstrate the existence of a novel pathway for the entry of tmRNA to the ribosome and for the trans-transfer of a nascent peptide chain from peptidyl-tRNA to charged tmRNA.
To rescue stalled ribosomes, eubacteria employ a molecule, transfer messenger RNA (tmRNA), which functions both as a tRNA and as an mRNA. With the help of small protein B (SmpB), tmRNA restarts protein synthesis and adds by the trans-translation mechanism a peptide tag to the stalled protein to target it for destruction by cellular proteases. Here, the cellular location and expression of endogenous SmpB were monitored in vivo. We report that SmpB is associated with 70S ribosomes and not in the soluble fraction, independently of the presence of tmRNA. In vitro, SmpB that is pre-bound to a stalled ribosome can trigger initiation of trans-translation. Our results demonstrate the existence of a novel pathway for the entry of tmRNA to the ribosome and for the trans-transfer of a nascent peptide chain from peptidyl-tRNA to charged tmRNA.
Transfer messenger RNA (tmRNA), 1 also referred to as SsrA or 10Sa RNA, is a highly structured RNA that intervenes in protein synthesis by releasing stalled ribosomes from their mRNAs and targeting the nascent polypeptides for proteolysis (1) (2) (3) . tmRNAs are ubiquitous in bacteria and are also found in some chloroplasts and mitochondria (4, 5) . tmRNA has properties of both a tRNA and an mRNA. The 5Ј and 3Ј ends of the RNA are folded into a tRNA-like structure, that can be charged with alanine by alanyl-tRNA synthetase (6, 7) . Another portion of the RNA contains a specialized internal open reading frame that encodes a peptide containing determinants for multiple proteases (8, 9) .
In the current model proposed for SsrA activity (10) , tmRNA charged with alanine enters the A site of a stalled ribosome, and the nascent polypeptide is transferred to alanyl-tmRNA by trans-peptidation. Then, the reading frame of the translating ribosome switches from the original mRNA to the mRNA-like portion of tmRNA. Translation of the tmRNA open reading frame results in the addition of a peptide tag to the nascent polypeptide, and termination at the SsrA-encoded stop codon releases the tagged polypeptide and allows the ribosome to be recycled back to a new round of initiation. The SsrA-encoded peptide tag targets the nascent polypeptide for rapid degradation by a number of proteases (8, 9, 11) .
In addition to general translation factors, tmRNA activity depends on at least three RNA-binding proteins, small protein B (SmpB) (12) , elongation factor Tu (EF-Tu) (13) , and ribosomal protein S1 (14) . SmpB and EF-Tu bind simultaneously to the tRNA domain of the tmRNA and are required for efficient aminoacylation by alanyl-tRNA synthetase and for interaction with target ribosomes (12, 15, 16) . The ribosomal protein S1 binds in and around the mRNA-like domain of tmRNA and may facilitate the entry of the internal peptide reading frame into the stalled ribosome (14, 17) . Both EF-Tu and S1 are also required for canonical translation reactions, whereas SmpB has no known role other than in SsrA-mediated peptide tagging. Recently, the cryo-electron microscopy structure of tmRNA in complex with the ribosome was reported (18) . The images of this rescue complex provide new insights into tmRNA function. They suggest specific roles for protein S1 and SmpB in trans-translation and indicate how tmRNA could move through the ribosome despite the complex topology associated with this process. Furthermore, recent data obtained from the 3.2-Å crystal structure of the ribonucleoprotein complex between tmRNA and SmpB suggest that binding of the tmRNA⅐SmpB complex to the ribosome drives SmpB toward the decoding center of the 30S ribosomal subunit (19) .
In previous works, the binding of SmpB to wild-type and mutated tmRNA molecules has been studied (12, 16) , but no attempts were made to localize endogenous SmpB in bacterial cells, especially concerning its location on purified ribosomes. In this study, we have monitored the localization of endogenous SmpB in vivo using bacterial strains with deletions of either ssrA, smpB, or both with the help of a polyclonal antibody against His-tagged SmpB. Subcellular fractionation was used to demonstrate that the protein is associated exclusively with 70S ribosomes, independently of the presence of tmRNA. Subsequently, in vitro trans-translation assays indicate that SmpB pre-assembled to stalled ribosomes triggers trans-peptidation, whereas elongation factor Tu is dispensable during the first peptidyl transfer. Our results demonstrate the existence of a novel route to initiate trans-translation.
MATERIALS AND METHODS
Construction of smpB-, ssrA-, and smpB:ssrA-deficient Escherichia coli Strains-The smpB and/or ssrA genes were disrupted by using the method described by Datsenko and Wanner (20) . The primers smpB5Ј (CTAAGATAGAGCCTTGTCCCCCGCAGGATTGATATGGTGTAGGC-TGGAGCTGCTTC) and smpB3Ј (GAGGAACTGGTCAATAATTGGAG-TGCAGGTTTAACGCATATGAATATCCTCCTTAG) were used to dis-rupt the smpB gene. The primers ssrA5Ј (CTTATTGGCTAT-CACATCCGACACAAATGTTGCCATGTGTAGGCTGGAGCTGCTTC) and ssrA3Ј (GCGCCGTGCGGGCTCTTAGGACTTCATCGGAT-GACTCATATGAATATCCTCCTTAG) were used to disrupt the ssrA gene. The primers smpB5Ј (CTAAGATAGAGCCTTGTCCCCCGCAG-GATTGATATGGTGTAGGCTGGAGCTGCTTC) and ssrA3Ј (GCGCC-GTGCGGGCTCTTAGGACTTCATCGGATGACTCATATGAATAT-CCTCCTTAG) were used to disrupt the smpB and ssrA genes.
Complementation Assays-The ampicillin-resistant pJW28 plasmid (21) and the tetracycline-resistant pSsrA1 plasmid (22) were used to express tmRNA alone or tmRNA with SmpB, respectively. Complementation with SmpB was performed by the co-transformation of the ⌬smpB strain with the ampicillin-resistant pet-21a-SmpB and the chloramphenicol-resistant pACYC184 plasmid encoding the T7 RNA polymerase gene under the lac promoter sequence (23) . Transformed cells were grown to mid-logarithmic phase at 37°C, diluted at an A 600 of 0.01 in an LB broth containing the antibiotics and incubated at 45°C. The expression of the His-tagged SmpB proteins was induced by adding 10 nM isopropyl-1-thio-␤-D-galactopyranoside.
Determination of tmRNA and SmpB Levels in Subcellular Fractions of E. coli-E. coli strains, grown in LB broth, were harvested to midlogarithmic phase. The cell pellets were suspended in lysis buffer (25 mM Tris-HCl, pH 7.5, 100 mM ammonium acetate, 10.5 mM magnesium acetate, 2 mM dithiothreitol) and lysed by sonication. The cell lysates were treated with DNase I for 20 min at 4°C and centrifuged at 30,000 ϫ g for 45 min. Supernatants (S30 fraction) were either directly loaded onto the sucrose gradient or further centrifuged at 100,000 ϫ g for 90 min to obtain the S100 fraction (supernatant) and the crude ribosome P100 fraction (pellet resuspended in a small volume of lysis buffer). Proteins (50 g) from each fraction were electrophoresed on 15% acrylamide Tris-glycine gel and transferred to polyvinylidene difluoride membranes. SmpB was immunodetected by Western blotting using a rabbit polyclonal antibody directed against His-tagged SmpB protein followed by chemiluminescence detection (Amersham Biosciences). For the determination of tmRNA levels, the crude ribosome P100 pellet from 10 ml of S30 fraction was resuspended in 10 ml of lysis buffer. RNAs from 2 ml of these S30, S100, and P100 fractions were extracted with phenol, precipitated with ethanol, and resuspended in 40 l of water. For each fraction (S30, S100, and P100), the same volume of RNA corresponding to the same number of E. coli cells was analyzed by Northern blotting using a 32 P-labeled DNA oligonucleotide complementary to Ssra RNA (5Ј-CGGGTACGGGTAGGATCGCACAC-C-3Ј) as described later. Half-life determination of tmRNA was performed by addition of 500 g/ml rifampicin in the culture, and RNA extractions and analysis were performed as described in Ref. 24 .
Sucrose Density Gradient Centrifugation and Analysis-Crude ribosomes were fractionated on a 10 -30% sucrose gradient (10 ml) in 25 mM Tris-HCl, pH 7.5, 100 mM ammonium acetate, and 10.5 mM magnesium acetate for 15 h at 18,000 rpm and 4°C in a SW41 rotor (Beckman). RNAs were isolated from each fraction by extraction with phenol and precipitation with ethanol. For Northern hybridization, RNAs were separated by electrophoresis on a 1% (w/v) agarose gel containing 6.5% (v/v) formaldehyde and transferred in 10ϫ sodium/sodium citrate buffer (SSC) to nylon membrane by the capillary method. Pre-hybridization and hybridization with 32 P-labeled DNA oligonucleotides complementary to Ssra RNA (5Ј-CGGGTACGGGTAGGATCGCACACC-3Ј) or 16S ribosomal RNA (5Ј-CCGTCCGCCACTCGTCAGCAA-3Ј) were carried out in ExpressHyb according to the protocol (Clontech). Analysis of the level of SmpB was performed by Western blotting.
Purification of His-tagged SmpB Protein-E. coli strain BL21(DE3)/ pet-21a-SmpB was grown in 3 liters of LB broth at 37°C to an A 600 of 0.5. After induction with 1 mM isopropyl-1-thio-␤-D-galactopyranoside for 3 h, cells were collected by centrifugation; resuspended in 3 ml of 50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.1 mM phenylmethylsulfonyl fluoride, 0.1% desoxycholate acid, and 0.25 mg/ml lysozyme per gram of pellet; and frozen and thawed four times. Lysate was treated with DNase I (100 units/ml) for 20 min at 30°C, and inclusion bodies containing SmpB-His protein were pelleted by centrifugation at 6000 ϫ g for 15 min. Inclusion bodies were washed three times with 1% desoxycholate acid and lysed with 8 M guanidine. Denatured SmpB-His proteins were renatured by a 100-fold dilution in phosphate-buffered saline and mixed for 2 h at 4°C with 4 ml of Ni 2ϩ -nitrilotriacetic acid-agarose beads (Qiagen). Beads were washed five times with 200 ml of buffer A (20 mM potassium phosphate, pH 6.8, and 500 mM NaCl), and SmpBHis proteins were eluted from the beads with buffer A containing 600 mM imidazole and dialyzed extensively against buffer B (20 mM potassium phosphate, pH 6.8, 200 mM KCl, 5 mM MgCl 2 , 2 mM dithiothreitol, and 50% glycerol).
In Vitro Binding Analysis-70S ribosomes from ⌬smpB⌬ssrA cells were purified by gradient sucrose centrifugation and incubated for 10 min at 4°C with a 10-fold molar excess of His-tagged SmpB in buffer E (10 mM Tris-HCl, pH 7.5, 60 mM ammonium chloride, 10 mM magnesium acetate, and 3 mM 2-mercaptoethanol). The resulting 70S⅐SmpB complexes were further purified on a 10 -30% sucrose gradient in buffer E to eliminate free SmpB. 70S⅐SmpB ribosomes (25 nM) were incubated for 15 min at 37°C with an increasing amount of tmRNA in 400 l of buffer E and loaded on a 10 -30% sucrose gradient. Fractions containing either 70S ribosome or tmRNA (fractions including tmRNA and soluble proteins) were pooled. Proteins were extracted from one-half of the samples by trichloroacetic acid precipitation, electrophoresed on 15% acrylamide Tris-glycine gel, and transferred to polyvinylidene difluoride membranes, and SmpB was detected by Western blotting. RNA from the other half of pooled fractions was prepared by phenol extraction and ethanol precipitation. tmRNA was detected by Northern hybridization as described above. The tmRNA binding affinity for 70S ribosome was monitored by incubating 50 nM 70S ribosome or 70S⅐SmpB complexes with either 100 or 250 nM tmRNA in 400 l of buffer E. After 15 min at 37°C, ribosomes and soluble tmRNA were purified by sucrose gradient centrifugation. The amount of tmRNA in each fraction was detected by Northern hybridization.
Chemicals and Polymix Buffer-Nucleoside triphosphates, RNAguard (porcine), and radioisotopes were purchased from Amersham Biosciences. Phosphoenolpyruvate, putrescine, spermidine, myokinase, and unlabeled amino acids were from Sigma, pyruvate kinase was from Roche Applied Science, and other chemicals were from Merck. Polymix buffer (25) used in trans-translation experiments contains (at final concentration) 5 mM magnesium acetate, 0.5 mM CaCl 2 , 5 mM NH 4 Cl, 95 mM KCl, 8 mM putrescine, 1 mM spermidine, 5 mM potassium phosphate (pH 7.3), and 1 mM dithioerythritol.
In Vitro Peptidyl Transfer Experiments-XR7 mRNA encodes the tetrapeptide MFTI (fMet-Phe-Thr-Ile). It was transcribed from PCRgenerated DNA using T7 RNA polymerase as described previously (26) and contains the sequence GGGCCCUUGUUAACAAUUAAGGAGGU-AUACUAUGUUUACGAUU (the start codon is underlined). The ribosomal complexes (RCs) were prepared by translating XR7 mRNA coding for Met-Phe-Thr-Ile in a translation mixture containing [
3 H]fMet-tRNA and subsequently purified from the component of translation mixture by gel filtration through a Sephacryl S300 column as described previously (27) . The ribosomes for the ribosomal complexes were isolated from smpB:ssrA-depleted E. coli strain to have smpB-depleted ribosomes (drR). The other components necessary for the generation of the RCs were purified as described previously (26) . Two types of ribosomal complexes were prepared with ribosomes alone (drRC) or ribosomes pre-incubated with SmpB-His in a ratio of 1 ribosome to 10 SmpB-His proteins (drRC⅐SmpB). Purified tmRNA was aminoacylated in polymix buffer containing 7.5 mM magnesium acetate, 1.5 mM ATP, 1.5 mM phosphoenolpyruvate, 2 mM GTP, 1 mM alanine, 0.45 unit of alanyltRNA-synthetase/l reaction mixture, and 0.34 unit/l RNAguard. 0.02 mM EF-Tu was added when indicated, and the reaction was performed at 37°C for 15 min. The extent of tmRNA aminoacylation was monitored in a parallel reaction where 0.1 mM [ 14 C]alanine with a specific activity of 250 cpm/pmol was added instead of 1 mM cold alanine. Aminoacylation was monitored by placing 10 l aliquots into 5 ml of 5% ice-cold trichloroacetic acid, precipitating them for 10 min on ice, and filtering them through GF-C filters (Whatman). The filters were dried at 110°C, and their 14 C content was determined by scintillation counting. The reaction of peptidyl transfer of the tetrapeptide MFTI from tRNA Ile (at the ribosomal P site) to the Ala-tmRNA in the ribosomal A site was initiated by mixing RCs and aminoacylated tmRNA. Aminoacylated tmRNA was added to ribosomal complexes in at least 2ϫ molar excess over total ribosomes in RCs. The mixture was incubated at 37°C, and the extent of the transfer was monitored by quenching the 0.1 ml aliquots of the reaction in 50% formic acids at the indicated times. Pentapeptide fMFTIA (fMet-Phe-Thr-Ile-Ala) formation was monitored by HPLC with a LiChrospher 100 RP-18 HPLC column from Merck. Samples for HPLC were prepared and processed as described previously (26) . The (isocratic) elution buffer was 50% methanol in water with 0.1% trifluoroacetic acid, which gives a pH below 2. At this pH, the alanine has a negative retention time (28) , and the addition of alanine to the peptide leads to a lower retention time.
RESULTS
Gene Disruption of smpB and/or ssrA-To analyze the functional activity of SmpB and tmRNA during trans-translation, E. coli strains deficient in only SmpB, only tmRNA, or both SmpB and tmRNA were constructed by PCR-based chromosomal disruption (20) . These deletion strains have an identical genetic background; the method removes only the gene of interest, and the selection marker is removable. Because ssrA is located immediately downstream of smpB in E. coli, the double deletion was designed in one shot. First, we constructed strains in which the whole smpB, ssrA, or smpB-ssrA genes were replaced by a kanamycin-resistant gene. In a second step, the kanamycin-resistant gene was removed with the help of FLP recombinase to obtain antibiotic-sensitive strains (20) . The single mutants (⌬smpB and ⌬ssrA strains) and the double mutant (⌬smpB⌬ssrA strain) displayed no significant difference in growth rate at 37°C in rich medium as compared with the parental strain. In log phase at 45°C, the ⌬smpB, ⌬ssrA, and ⌬smpB⌬ssrA strains grew equally fast and about 20% more slowly than their parental strain, in line with the temperaturesensitive growth phenotype reported previously for ⌬smpB and ⌬ssrA E. coli strains (12). As described previously (6, 12, 21) , the phenotypes of the ssrA-, smpB-, and ssrA/smpB-defective strains can be complemented when expressing the corresponding wild-type genes from a plasmid (Fig. 1, AϪC) . The growth rate at 45°C of the ⌬smpB strain was fully rescued by expressing a His-tagged SmpB protein (Fig. 1B) , indicating that the activity of the His-tagged SmpB is similar to that of an unmodified SmpB protein (Fig. 1C) .
In a first experiment, the expression levels of tmRNA in the three disrupted strains were measured and compared with the wild-type level. Northern blots confirmed that both the ⌬ssrA and ⌬smpB⌬ssrA strains failed to express tmRNA ( Fig. 2A) . Control experiments showed a 3-fold shorter half-life of tmRNA in the ⌬smpB cells (ϳ20 min) compared with wild-type cells (ϳ60 min) (Fig. 2B) .
The expression of endogenous SmpB was monitored by Western blots, using a rabbit polyclonal antibody directed against recombinant His-tagged SmpB. Cell lysates from the wild-type and the three disrupted strains were fractionated by successive centrifugations to obtain S30 (whole fraction), S100 (soluble fraction), and P100 (crude ribosome fraction) extracts. Immunoblots against the four S30 fractions confirmed the presence of SmpB in the wild-type and ⌬ssrA strains and the absence of SmpB in the ⌬smpB and ⌬smpB⌬ssrA strains (Fig. 2C) . The SmpB level was reduced in the ⌬ssrA strain compared with that in the wild-type strain, and the total tmRNA level in the ⌬smpB strain was significantly lower than that in the wildtype (Fig. 2, A and D) . The reduction in tmRNA content could be explained by the above-mentioned reduced half-life of tmRNA in cells lacking SmpB (see also "Discussion"). Northern blot analysis of RNAs corresponding to equivalent amounts of cellular material from the 30S, 100S, and P100 fractions reveals that the major fraction of tmRNA was ribosome-bound in wild-type but not in ⌬smpB cells (Fig. 2D) .
SmpB Binds 70S Ribosomes in Vivo in the Absence of tmRNA-tmRNA from wild-type strains is mainly found in the crude ribosomal fraction (P100), and its recruitment to stalled 70S ribosomes requires SmpB (12, 16) . Therefore, SmpB was also expected to be in the P100 fraction from wild-type cells, as found here (Fig. 2C ). More surprisingly, SmpB from an ssrAdeleted strain can also be seen in the crude ribosome fraction (Fig. 2C) . Furthermore, SmpB cannot be seen in the soluble fraction (S100) of any strain, whereas tmRNA, visualized by Northern blots, can be found in the S100 fraction from both the wild-type and the ⌬SmpB cells (Fig. 2D) . These results suggest that endogenous SmpB binds to the 70S ribosomes in vivo, independently of the presence of tmRNA.
To verify that the appearance of SmpB in the P100 fraction was due to its binding to ribosomes and not because of aggregation, we performed sucrose gradient experiments. 70S ribosomes, derived from P100 fractions from both wild-type and ⌬ssrA strains, were fractionated on a sucrose density gradient (Fig. 3A, panel 1) , and the presence of tmRNA in the different fractions was monitored by Northern blotting (Fig. 3A, panel 3) . tmRNA co-sediments with 70S ribosomes from the wild-type P100 fraction (Fig. 3A, panels 2 and 3) , as described previously (12, 29) . In addition, immunoblots show that SmpB is in complex with 70S ribosomes from the P100 fraction of not only wild-type (Fig. 3A, panel 4) but also of ⌬ssrA cells (Fig. 3A,  panel 5 ). This suggests that the main fraction of SmpB in the cytoplasm of both wild-type and tmRNA-lacking cells is ribosome-bound. In a control experiment, S30 fractions from wildtype and ⌬ssrA strains were loaded on the sucrose gradient directly, and in this case as well, all SmpB co-sedimented with the 70S ribosomes, independently of the presence of tmRNA (Fig. 3B, panels 1, 4, and 5) .
Binding of Purified SmpB to 70S Ribosomes and tmRNA-To determine the stoichiometry of SmpB binding to 70S ribosomes in the absence of tmRNA, a constant amount of His-tagged SmpB was titrated with ribosomes purified from the ⌬ssrA/⌬ SmpB strain. After incubation, the reaction mix was fractionated by sucrose gradient centrifugation, and the presence of ribosome-bound SmpB was quantified by Western blotting. Pure SmpB and pure ribosomes form a stable complex without tmRNA (Fig. 4A ), in agreement with the results obtained with the crude P100 or S30 fractions (Fig. 3, A and B) . At a molar ratio of one ribosome per two SmpB molecules, all SmpB appeared in complex with ribosomes (Fig. 4A, lanes 3  and 8) . This demonstrates, firstly, that all SmpB molecules were active in ribosome binding and, secondly, that one ribosome could accommodate two SmpB molecules.
To determine whether SmpB, pre-bound to ribosomes, can recruit tmRNA, 70S ribosomes pre-loaded with SmpB were incubated with either a 2-or 5-fold molar excess of tmRNA and loaded onto a sucrose density gradient. Northern blot analysis of the 70S⅐SmpB and the tmRNA fractions show that tmRNA, free of SmpB, could bind 70S ribosomes that had been preloaded with SmpB. At the same time, the affinity of tmRNA to the ribosomes depended on the presence of SmpB, as demonstrated by a parallel experiment. Here, tmRNA was incubated with 70S ribosomes in the absence of SmpB, before the samples were loaded onto a sucrose gradient. The Northern blots reveal a much weaker binding of tmRNA to ribosomes in the absence of SmpB (Fig. 4B, top panels) than in the presence of SmpB (Fig. 4B, bottom panels) .
Because SmpB binds both tmRNA (12, 15, 16) and 70S ribosomes in vivo (this report), the affinities of SmpB to ribosomes and to tmRNA were compared. For this, 70S ribosomes preloaded with SmpB were titrated with purified, native tmRNA from a 1:1 to 1:100 ratio between the ribosome and the tmRNA
FIG. 2. Analysis of tmRNA and SmpB expression in mutants and wild-type cells. A, Northern blots probed with
32 P-labeled DNA oligonucleotides complementary to tmRNA (top panel) or 16S ribosomal RNA (bottom panel) in bacterial strains BW25113, BW25113 ⌬smpB, BW25113 ⌬ssrA, and BW25113 ⌬smpB⌬ssrA. B, Northern blot analysis of tmRNA stability in both the wild-type (Wt) and the ⌬-SmpB (⌬ smpB) strains. Strains were grown at 37°C to an A 600 of 0.4, rifampicin was added at 500 g/ml, and total RNAs were extracted at the indicated times (in minutes). C, Western immunoblot analysis of S30, S100, and P100 cellular fractions from both wild-type and mutant bacterial strains. 50 g of proteins from S30, S100, and P100 cellular fractions were loaded on a 15% SDS-PAGE, transferred onto polyvinylidene difluoride membrane, and immunoblotted with anti-SmpB antibody followed by chemiluminescence detection. D, tmRNA detection in S30, S100, and P100 cellular fractions from both wild-type and mutant bacterial strains. RNAs corresponding to equivalent amounts of cellular material were loaded on agarose-formaldehyde gel and analyzed by Northern blotting.
FIG. 3. The SmpB protein is associated with 70S ribosomes in vivo. Crude ribosomes (P100; A) or the crude cell extract (S30; B)
fractions from either wild-type or ⌬ssrA cells were fractionated by sucrose gradient centrifugation at a high concentration of Mg 2ϩ ions. Panel 1, the absorbances of each fraction from wild-type cells (solid line) or ⌬ssrA cells (dashed line in A and gray line in B) are shown. RNA extracted from wild-type fractions was separated on formaldehydeagarose gel. Panel 2, the 23S and 16S ribosomal RNA subunits of 70S ribosome were detected by ethidium bromide staining. Panel 3, tmRNA was detected by Northern hybridization using a 32 P-labeled DNA oligonucleotide complementary to tmRNA. The presence of SmpB in sucrose fractions from wild-type (panels 4) or ⌬ssrA (panels 5) crude ribosomes was detected by Western blotting using a rabbit polyclonal antibody directed against a histidine-tagged SmpB protein.
concentrations. After incubation, the samples were loaded onto a sucrose gradient, and Western blots show that nearly all SmpB remained localized in complex with the ribosomes (Fig.  4C, top left panel) . Only a few percent of the SmpB molecules were localized (Western blot) to the tmRNA fraction (Northern blot), as seen by comparing lanes 6 and 12 in the panels of Fig.   4C . That tmRNA⅐SmpB complexes co-sediment with tmRNA, rather than with ribosomes, was demonstrated in a control experiment performed without 70S ribosomes (data not shown).
The fact that tmRNA at a 90-fold excess over 70S ribosomes failed to pull SmpB from its ribosome-bound state to its tmRNA-bound state (Fig. 4C) shows that the affinity of SmpB to tmRNA-carrying ribosomes was much higher than the affinity of SmpB to free tmRNA. Therefore, this experiment does not report on the affinity of SmpB to free ribosomes compared with the affinity of SmpB to free tmRNA molecules. This piece of information is hard to come by because SmpB binding to ribosomes induces strong tmRNA binding to those very same ribosomes.
SmpB and EF-Tu in Trans-translation-To study the function of SmpB during trans-translation, an in vitro system for mRNA translation was assembled with all components for initiation of trans-translation prepared to high purity (26) . Ribosomes from ⌬smpB⌬ssrA cells were used to translate a synthetic mRNA that encoded the tetrapeptide [ 3 H]fMFTI and truncated after the last (Ile) codon of the open reading frame. Translation of this mRNA resulted in RCs with fMet-Phe-ThrIle-tRNA Ile in the P site and a codon-less A site. The RCs were separated from the other components of the translation mixture by gel filtration through a Sephacryl S300 column (26) . One of three mixes, all containing tmRNA pre-charged with unlabeled alanine by alanyl-tRNA synthetase, was added to the RCs. In addition, the first mix contained EF-Tu⅐GTP and SmpB, the second contained only SmpB, and the third contained only EF-Tu⅐GTP. Aliquots from the reaction mixtures were removed at varying incubation times and quenched with formic acid. The extent of trans-transfer of fMet-Phe-Thr-Ile from tRNA Ile in the P site to the alanyl-tmRNA Ala in the A site at different time points was monitored by separating fMet-PheThr-Ile from fMet-Phe-Thr-Ile-Ala by HPLC (Fig. 5A) . The rate of trans-transfer was very high in the mix with both EFTu⅐GTP and SmpB, intermediate in the mix with SmpB only, and virtually zero in the mix with only EF-Tu⅐GTP (Fig. 5B) . To test whether residual amounts of EF-Tu were present in the second mix, immunoblots with anti-EF-Tu antibodies were employed. The result (Fig. 5C) shows that whereas EF-Tu was present in the crude ribosomal fraction, there was no EF-Tu in the washed ribosome fraction or in the ribosome complexes purified by gel filtration and used in the experiments shown in Fig. 5B . Together, the experiments in Fig. 5 , B and C, show that the trans-transfer reaction could proceed without EF-Tu, albeit at a much lower rate than in the presence of EF-Tu. The presence of SmpB was, in contrast, essential for the transtransfer reaction.
Ribosomes in Complex with SmpB Can Recruit SmpB-free tmRNA to Trigger Trans-translation-
The cellular localization of SmpB on ribosomes in both wild-type and tmRNA-deficient strains (Figs. 2 and 3) suggested that ribosome-bound SmpB can recruit SmpB-free tmRNA to initiate trans-translation. To test this hypothesis, RCs from ⌬smpB⌬ssrA cells were prepared with fMet-Phe-Thr-Ile-tRNA Ile in the P site and a codonless A site as described in the previous section. His-tagged SmpB was added in 10-fold molar excess to one part of these RCs. Subsequently, SmpB-containing and SmpB-lacking RCs were purified from other components by gel filtration. Western blots show that SmpB had remained stably bound to the SmpBcontaining RCs during the filtration step (Fig. 6A) . Relative quantification by immunoblots indicates that two molecules of SmpB were associated with one RC (compare lane 1 with lane 4 in Fig. 6A ). After gel filtration, a mix with pre-charged alanyl-tmRNA Ala and EF-Tu⅐GTP was added to the SmpB-
FIG. 4. SmpB binds the 70S ribosomes in vitro.
A, two molecules of SmpB bind a 70S ribosome. Quantitation by Western blots of the fraction of SmpB that binds purified 70S ribosomes from ⌬smpB⌬ssrA cells is shown. SmpB (50 nM) was incubated with increasing amounts of 70S ribosome and loaded on a 10 -30% (w/v) linear sucrose density gradient. For each assay, fractions containing either 70S ribosome (lanes 1-5) or soluble SmpB protein (lanes 6 -10) were pooled, and the amount of SmpB was monitored by Western blotting. The molar ratios between the 70S ribosomes and SmpB are indicated. B, the binding of tmRNA to the 70S ribosomes depends of the presence of SmpB. 70S ribosomes (top panels) or 70S ribosomes pre-loaded with His-tagged SmpB proteins (bottom panels) were incubated with a 2-or a 5-fold molar excess of tmRNA over ribosomes and loaded on a 10 -30% (w/v) linear sucrose density gradient. The presence of tmRNA in the 70S ribosome fractions (left panels) and in the tmRNA soluble fractions (right panels) was detected by Northern hybridization. C, His-tagged SmpB proteins were added to 70S ribosomes from ⌬smpB⌬ssrA cells, and the resulting 70S⅐SmpB complexes were purified by sucrose gradient centrifugation. The 70S⅐SmpB complexes were incubated without (lanes 1 and 7) or with an increasing amount of tmRNA (lanes 2-6 and 8 -12) and loaded on a 10 -30% (w/v) linear sucrose density gradient. For each assay, fractions containing either 70S ribosome (lanes 1-6) or soluble molecules including tmRNA (lanes 7-12) were pooled, and the amount of SmpB and tmRNA present in 70S ribosome and tmRNA soluble fractions was monitored by Western blotting (top panels) and Northern hybridization (bottom panels), respectively. The molar ratio between tmRNA and SmpB pre-bound 70S ribosome in the samples loaded on sucrose gradient is indicated.
containing RCs, and the same mix modified to contain SmpB in 10-fold excess over tmRNA was added to the SmpB-lacking RCs . The extent of trans-transfer was identical in both cases at short (10 s) and long (5 or 15 min) incubation times (Fig. 6B) . This result suggests that recruitment of tmRNA to ribosomes could occur either by association of SmpB-free alanyl-tmRNA to ribosomes in complex with SmpB or by association of SmpBcontaining alanyl-tmRNA to SmpB-free ribosomes. This interpretation was reinforced, firstly, by quench flow experiments demonstrating that the rate of trans-transfer was similar (about 20 s Ϫ1 in both those cases) (data not shown) and, secondly, by the fact that 70S⅐SmpB complexes were stable during sucrose gradient centrifugation (Fig. 3) and gel filtration (Fig.  6A) . These results and the affinity of SmpB to tmRNA make it very unlikely that SmpB had time to move from the RCs to tmRNA or vice versa before recruitment of tmRNA to the ribosome in the experiment in Fig. 6B or in the quench flow experiment. Direct measurements of the rate constant for dissociation of ribosome⅐SmpB complexes are required to settle this question.
Two Molecules of SmpB Are Required for Trans-transfer on the Ribosome-SmpB is essential for tmRNA recruitment to the ribosome and trans-transfer of peptide to alanyl-tmRNA. These reactions can occur either by the binding of SmpB to the ribosome followed by the recruitment of a "SmpB-free" alanyl-tmRNA or by the association of a complex between SmpB and alanyl-tmRNA to the ribosome (Fig. 6B) . To study whether a small amount of SmpB can catalyze trans-transfer by recycling between ribosomal complexes, we designed an experiment where SmpB, at varying concentrations, was prebound to RCs. Alanyl-tmRNA was added in excess over ribosomes to these RCs, which were preloaded with SmpB, and the extent of trans-transfer was measured after 15 min. The result (Fig. 7) demonstrates that two SmpB molecules were required for each trans-transfer reaction and suggests that no recycling of SmpB occurred during the incubation time of 15 min, which is much longer than the time of the trans-transfer reaction itself (Fig. 6B) .
DISCUSSION
In the current view, trans-translation initiates when a macromolecular complex, formed by alanyl-tmRNA, SmpB, and EF-Tu, is recruited by a ribosome stalled on a problematic message (12, 16) . In the present study, we demonstrate in vitro that there is another equally efficient route to initiate transtranslation. Here, a ribosome already in complex with SmpB recruits SmpB-free alanyl-tmRNA in complex with EF-Tu. We have found that, in wild-type cells, tmRNA is predominantly bound to 70S ribosomes in the crude ribosome P100 fraction (Figs. 2 and 3) , whereas a minor part is recovered from the soluble S100 fraction (Fig. 1) (12) . Using the recombinant bacterial strains ⌬ssrA, ⌬smpB, and ⌬ssrA-⌬smpB and antibodies raised against SmpB, we demonstrate that endogenous SmpB is associated in vivo with 70S ribosomes, independently of the presence of tmRNA. We also show that SmpB is undetectable in S100 fractions from both the ⌬ssrA and wild-type strains, although the S100 fraction from wild-type cells contains tmRNA (Fig. 2) . SmpB has affinity for several tRNAs from E. coli (12) . The fact that there is no SmpB in the S100 fraction from the ⌬ssrA strain containing a large amount of potential SmpB binding tRNAs shows that tmRNA-lacking 70S ribosomes bind SmpB more efficiently than cytoplasmic tRNAs. This suggests that SmpB binding to tmRNA-lacking ribosomes is specific and could be part of the physiological action of SmpB.
The total level of tmRNA is lower in the ⌬smpB than in the wild-type strain, and, similarly, the level of SmpB is lower in the ⌬ssrA than in the wild-type background (Fig. 2A) . The concentration of free tmRNA is the same in both genetic backgrounds, as judged from the S100 fractions (Fig. 2D) , meaning that the level of ribosome-bound tmRNA is reduced by the removal of SmpB. The reduced tmRNA concentration in SmpBdeficient cells can be accounted for by the 3-fold shorter lifetime of tmRNA in the ⌬smpB than in the wild-type strain (Fig. 2B) . A likely explanation for the enhanced rate of degradation of tmRNA in the absence of SmpB is, firstly, that ribosome-bound tmRNA is protected against nuclease activities and, secondly, that SmpB catalyzes ribosome binding of tmRNA and transtranslation initiation. Accordingly, a larger fraction of tmRNA is protected against degradations in SmpB-containing strains than in SmpB-less strains. Using a similar argument to explain why the amount of SmpB is reduced in the ⌬ssrA strain than in the wild-type strain (Fig. 2) is complicated by the fact that all SmpB appears to be ribosome-bound in both cells (Figs. 2C and  3 ). Because we lack information about the turnover rates of SmpB, an explanation for the reduction of the SmpB level in tmRNA-less strains awaits additional experimental data.
Our in vitro data show that SmpB is essential for initiation of trans-translation, in line with a previous report (30) , whereas the presence of EF-Tu⅐GTP is stimulatory (Fig. 5) ; the rate of transfer of a nascent peptide chain on a stalled ribosome to Ala-tmRNA is much smaller in the absence of EF-Tu than in the presence of EF-Tu. This suggests that, in vivo, EF-Tu is necessary for rapid association of tmRNA to ribosomes that are stalled on problematic mRNAs.
Initiation of trans-translation appears to be equally fast when a ribosomal complex that contains SmpB recruits SmpBfree Ala-tmRNA in complex with EF-Tu as when an SmpB-free ribosome recruits Ala-tmRNA in complex with both SmpB and EF-Tu (Fig. 6) . Our in vitro experiments show, furthermore, that SmpB is so firmly bound to the ribosome after transtransfer of a peptide to Ala-tmRNA that no recycling of SmpB occurs even during an extended incubation time (Fig. 7) and suggest that the early steps of trans-translation require two molecules of SmpB (Fig. 7) , consistent with a relative amount of one molecule of tmRNA for two molecules of SmpB and 10 ribosomes/cell (31) . 2 This interpretation requires that all SmpB molecules are active in ribosome binding and in promoting trans-transfer. We have demonstrated that 100% of His-tagged SmpB molecules are active in ribosome binding (Fig. 4A) and that one ribosome can accommodate two molecules of SmpB ( Fig. 4A and 6A ), suggesting that two molecules of SmpB may, in fact, be required per trans-transfer event as observed (Fig.  7) . Recently, we have found that both ribosomal subunits, in particular the 30S subunit, have strong affinity for SmpB and that neither of the subunits bound tmRNA in the absence or in the presence of SmpB. 3 Ribosomes from Thermus thermophilus, stalled at the end of a short mRNA and reacted with Ala-tmRNA in complex with His-tagged SmpB, kirromycin, and EF-Tu⅐GTP, have been studied by cryo-EM (18) . In these complexes, only one molecule of SmpB per ribosome could be seen. The apparent discrepancy between their structural data and our biochemical data could be explained by the lack of resolution of the cryo-EM maps or, alternatively, by postulating that only one SmpB is present in the ribosomal "pre-accommodation" complex observed by cryo-EM and that later steps in the trans-translation pathway require an additional SmpB molecule (18) .
From its position in the cryo-EM structure, SmpB has to move during the accommodation step because otherwise the factor would clash sterically with the peptidyl-tRNA in the P site (18) . Interestingly, the x-ray structure of the complex between SmpB and the tRNA portion of tmRNA (19) could possibly correspond to the step following tmRNA accommodation, where SmpB has moved from its position in the cryo-EM picture to a site closer to the small ribosomal subunit. As for the incoming aminoacyl-tRNAs during canonical translation, preaccommodation of aminoacyl-tmRNA has to be followed by a large movement of the tRNA-like domain of tmRNA into the peptidyl-tranferase site. This movement could be difficult for tmRNA, which is about five times the size of canonical tRNAs, and a putative role for a second SmpB molecule could be to facilitate this movement.
Until now, SmpB has been thought of as a factor stimulating tmRNA aminoacylation and, together with EF-Tu, allowing the binding of alanyl-tmRNA to stalled ribosomes (12, 16) . Our findings that the SmpB protein is associated in vivo with ribosomes, independently of the presence of tmRNA, and that SmpB prebound to a ribosome can efficiently recruit an alanyl-tmRNA demonstrate that trans-translation can be initiated in a different way than originally thought. This novel route for initiation of trans-translation might be used in vivo, at least under some conditions. In this scenario, SmpB would recognize and bind to a stalled ribosome. Initiation of trans- transfer requires mRNA truncation (32) , and, in accordance with this, it has been observed in vivo that tmRNA action is preceded by mRNA cleavage at or near the ribosomal A site (33) . After mRNA truncation, such a ribosomal complex would rapidly recruit tmRNA in complex with EF-Tu. To test this hypothesis, an extensive kinetic analysis of the binding of SmpB to free tmRNA and to ribosomes in different states and of the fate of SmpB when tmRNA leaves the ribosome in the trans-termination step is now under way in our laboratories.
